mRNA 3 and pIC, a synthetic analog of dsRNA. 4 These studies led to the identification of a protein with dsRNA-dependent kinase activity, 5, 6 now known as PKR. 7 PKR binds to dsRNA, resulting in a number of conformational changes, in which homodimerization appears to be most important according to biochemical and genetic analyses. 8 PKR homodimerization leads to rapid autophosphorylation of a stretch of amino acids, namely Ser242, Thr255, Thr258, Ser83, Thr88, Thr89, Thr90, Thr446, and Thr451, termed the activation segment. 9 Among others, residues Thr446 and Thr451 are consistently phosphorylated during activation, 8, 10, 11 which further stabilizes the PKR dimer and increases its catalytic activity. Then, phosphorylated PKR phosphorylates Ser51 on the alpha subunit of eIF2a, 12 and phosphorylated eIF2a
inhibits the initiation of translation and decreases the rate of protein synthesis ( Figure 1 ).
In addition to its established role in antiviral activities, PKR contributes to the regulation of inflammation and immune responses through several signaling pathways. In addition to IFN and dsRNA, PKR is activated by multiple stimuli, including cytokines such as tumor necrosis factor alpha (TNF), interleukin 1 (IL-1), 13, 14 LPS, through the Toll-interleukin 1 receptor domain-containing adaptor protein (TIRAP) and Toll-like receptor 4 (TLR4) signaling pathways, 15 PDGF through STAT3 and ERK 1/2 phosphorylation, 16 heat shock protein 90, 17 and some cellular stressors including arsenite, thapsigargin, and hydrogen peroxide. 25 PKR has also been implicated as a general transducer of apoptosis, 26, 27 and was shown to trigger autophagy through eIF2a-mediated activation of microtubule-associated protein light chain 3 (LC3). 28 Thus, it is clear that PKR has multi-functional roles in the regulation of inflammatory and immune signaling.
PKR has been implicated as an ER stress-regulated kinase, as well as a PERK. Both PKR and PERK are activated by autophosphorylation, after which they phosphorylate eIF2a. 29 Several studies have reported the probable role of PKR in ER stress-induced neural cell death in Alzheimer's disease and Huntington's disease. 30, 31 Moreover, Lee et al 32 found that PKR plays a significant role in ER stress-induced apoptosis mediated by protein activator of interferoninduced protein kinase (PACT).
| PKR AND HUMAN HEPATITIS C VIRUS
Hepatitis C virus infection is a major public health concern. About 150 million individuals are infected worldwide, and each year, 3-4 million individuals become infected with the virus. 33, 34 HCV is the leading cause of chronic liver disease and the most common indication for liver transplantation. HCV establishes persistent infection and induces chronic hepatitis, which leads to LC and frequently to HCC. However, the detailed mechanisms underlying the progression of LC to HCC remain unknown. Both dsRNA produced by HCV replication and the HCV core protein can activate PKR. 35 It is likely that PKR activation by the core protein is associated with the similar ability of the latter to bind dsRNA, thereby providing the PKR activator substrate and possible mechanism of PKR activation during HCV infection. 36 In the liver tissue of patients with chronic HCV, PKR mRNA is significantly increased compared with that in patients with other etiologies. 37, 38 In contrast, consistent with the important role of PKR in the control of HCV infection, HCV has several PKR-inactivation strategies ( Figure 2 ). For example, the IFN sensitivity-determining region in the HCV-1b NS5A region within the PKR-binding domain inhibits IFN-induced PKR, thereby influencing responses to IFN-based therapies. 39, 40 In addition, the PKR-eIF2a phosphorylation homology domain of the HCV E2 gene also inhibits IFN-induced PKR. 41 However, it remains unclear whether these proteins contribute to persistent HCV or are resistant to the antiviral activities of PKR. 9, 42 Tokumoto et al 43 showed that HCV protein expression is directly dependent on PKR expression. In this report, HCV core protein levels significantly increased upon knockdown of PKR; con- in nude mice. 46, 47 These results suggested that PKR was able to activate some apoptotic signals, thereby supporting the notion that it may be a tumor suppressor. 27, 48 Moreover, PKR interacts with major tumor suppressor genes such as p53 and phosphatase and tensin homolog, and plays essential roles in their tumor suppressor functions. 49, 50 However, the role of PKR in cancer biology remains a subject of debate. In Jurkat T cells, the reduced expression of PKR also corresponded with reduced PKR activity, 51 and the resultant effects were characterized in the promonocytic leukemia cell line U937. 52 Furthermore in 21 of 28 chronic lymphoid leukemia cells, PKR was expressed but not active. 53 However, several reports have indicated that PKR is overexpressed and activated in several hematopoietic malignancies.
For example, PKR is generally overexpressed in AML and ALL. 54 In addition, the status of PKR activity was recently examined in AML and ALL cell lines, and patient samples and both cell types had significantly higher levels of phosphorylated PKR/PKR activation compared with normal controls. 55 In thyroid carcinoma, there was a reverse correlation between PKR expression and Ki-67 labeling, suggesting that tumor cells with low PKR expression had much higher proliferative activity than those with high PKR expression in thyroid carcinoma. 56 The reverse correlation between PKR expression and tumor cell proliferation has been reported in head and neck squamous cell carcinoma. 57 1998. In that report, the authors showed that PKR expression in HCV-related HCC was higher in moderate-to well-differentiated carcinomas compared with poorly differentiated HCC or LC. Because this study was not carried out using HCC/non-HCC tissues pairs, it was not determined whether PKR levels in the surrounding tissue were also variable. To clarify the role of PKR in HCV-related hepatocarcinogenesis, expression of PKR protein in paired malignant and surrounding non-malignant tissues was examined from patients with HCV-related HCC. 63 The results showed that PKR protein levels were consistently increased in HCC-related HCC tissues compared with surrounding non-HCC tissue, and a similar increase was seen in eIF2a expression. In addition, HCV copy number was reduced in HCC compared with LC tissue, indicating that overexpressed PKR in HCC tissues retained its antiviral function against HCV. Importantly, sequence data indicated that increased PKR expression was not only functional but was also wild type, showing that mutant PKR had not accumulated. We studied the molecular mechanisms of PKR in HCVrelated HCC using two permissive cell lines for HCV replication (JFH1 and H77s), as well as human HCC specimens with HCV infection. 64 In 
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